Abstract. We present a 260-year annual PDSI reconstruction based on a regional tree-ring width chronology of Scots 6 pine (Pinus sylvestris var. mongolica) from four sample sites in the Daxing'an Mountains, northeast China. The model 7 explained 38.2 % of the variance of annual PDSI during the calibration period from 1911 to 2010. Compared with local 8 historical documents, nearby forest fire history data and hydroclimate reconstructions, our reconstruction is accurate 9 and representative, and recorded the same dry years/periods. The drought of 1920s-1930s was more severe in the 10
Introduction 19
Drought as an important climate driver that is occurring more frequently with climate change and is a focus of scientific 20 efforts around the world (Bao et The Daxing'an Mountains in northeast China is the transition zone from semiarid climate in the east to more arid 35 conditions in the west, and monsoon driven precipitation in the south to a non-monsoon climate in the north (Bao et al. 36 2015; Zhao et al. 2002) . The Asian monsoon system has a direct impact on the occurrence, intensity and severity of 37 droughts and floods (Bao et drought index, was used to assess the effects of drought. Correlation analyses between the regional chronology and 116 monthly climatic records were calculated from the previous July to the current July. 117 A linear regression model was used to develop the drought reconstruction, and a traditional split-period calibration 118
verification method was applied to examine model fit (Fritts 1976 with regional gridded CRU-PDSI (Schrier et al. 2013 ) were performed to examine the spatial representativeness of our 122 reconstruction using the KNMI climate explorer. We also carried out the superposed epoch analysis (SEA) between 123 nearby forest fire history and drought variables to further validate the accuracy of our reconstruction, since seasonal or 124 annual droughts are usually a key factor in forest fire severity in the Daxing'an Mountains (Shen 2008; Sun 2007) . Two 125 regional forest fire event lists (Mengkeshan and Pangu; Fig. 1 ) reconstructed by tree-ring scars in nearby forest were 126 used (Yao et al. 2017 ) and the SEA were carried out using software FHAES V2.0.0 (https://www.frames.gov/partner-127 sites/fhaes/download-fhaes/). In addition, the consistency between our reconstruction and other local drought Daxing'an Mountains and the Mongolian Plateaus (Fig. 1) . To make the comparison better visualized, all above series 138 were standardized using Z-scores and then smoothed with a 21-year moving averaged to highlight low-frequency 139 drought signals. 140
To evaluate the extreme dry and wet years in the historical period, we defined extremely dry and wet years with the 141 annual PDSI value being lower or higher than the average +/-1.5 SD. We assessed the multiyear dry/wet periods based 142 on the intensity (average departure values from the long-term mean) and magnitude (cumulative departure values from 143 the long-term mean). A spectral analysis were applied to identify the periodicity of dry/wet variability and possible 144 effects of large-scale climate using Multi-taper method (MTM) program (Mann and Lees 1996 The radial growth of Scots pine was significantly (p < 0.05) positively correlated with precipitation in all months except 151 the previous November and current February (Fig. 4a) . Temperature of the previous November to current May (except 152 for current April) was significantly correlated with ring widths at the 95% confidence level (Fig. 4a) . The highest 153 positive Pearson's correlation coefficients were found between the ring width Scots pine chronology and monthly total 154 precipitation of October (r = 0.35, p < 0.05) and previous December temperature (r = 0.35, p < 0.05). Radial growth of 155 Scots pine in the Daxing'an Mountains was influenced by both precipitation and temperature, but the effects of 156 precipitation were stronger, which revealed annual precipitation sensitivity of the Scots pine chronology during the last 157 century (Fig. 4a) . Furthermore, we calculated the correlation between the tree-ring index and Dai-PDSI (common 158 period of 1901-2010), which takes into account temperature and precipitation (Dai 2011). Significant (p < 0.05) positive 159 correlations between tree rings and PDSI was found for all months from the previous July to the current July (Fig. 4b) . 160
The correlation between tree growth and annual (Jan-Dec) average PDSI had the highest correlation (r = 0.62, p < 161 0.0001, n = 110) between tree growth and PDSI data among the annual, seasonal or individual month scales. The results 162 confirmed that water conditions had a significant controlling influence on Scots pine growth over a last century (Fig.  163   6) . 164
PDSI reconstruction 165
The regression model between the tree-ring indices (predictors) and annual PDSI (predicted) for the calibration period 166 was as follows: 167 Dt = 6.69 It -7.13, (R = 0.62, N = 100, F = 60.52, p < 0.0001)
( 1) 168 where Dt is the annual PDSI and It is the tree-ring index at year t. For the calibration period 1911-2010, the 169 reconstruction explained 38.2% of the PDSI variation (37.6% after accounting for the loss of degrees of freedom). As 170 shown in Figure 5a , the actual and estimated annual PDSI of Daxing'an Mountain have similar trends and are parallel 171 to each other during the calibration period. However, the estimated PDSI did not capture the magnitude of extreme dry 172 or wet conditions. Spatial correlation analysis show that the actual and estimated PDSI had a strong and similar spatial 173 correlation pattern with the Northeast Asia grided scPDSI (0.5°×0.5°) (Fig. 6) . 174 The split calibration-verification test showed that the explained variances were high during the two calibration periods 175 and the statistics of R, R 2 , ST, PMT are all significant at p < 0.05, which indicated that the model was reliable (Table  176 4). The most rigorous tests, RE and CE, were also positive for both verification periods (Cook and Kairiukstis 1990; 177 Fritts 1976) ( Table 4) . 178
Drought-wet variations 179
The reconstructed annual PDSI with 11-year moving average exhibited a mean of 0.48 and a standard deviation (SD) 180 of ±1.15 during the past 260 years ( were the five driest years, and 1998, 1952, 1770, 1993 and 1766 were the five wettest years (Table 5) . We also found 186 that many extreme dry or wet years occurred in succession. 187
Compared with the severe single-year droughts, multi-year droughts had the greatest effect on tree growth, and we 188 further defined the dry and wet periods as those when the 11-year moving average PDSI was more than 0.5 SD from 189 the mean for at least 2 consecutive years. Four dry periods, AD 1751-1752, 1812-1817, 1847-1866 and 1908-1927, 190 and four wet periods 1757-1771, 1881-1902, 1952-1955 and 1989-2004 were identified (Table 5) (Table 5 ). The multiyear drought of 1847-1866 was the most serious due to long duration and intensity, 193 and 1906-1927 was the second most significant drought (Table 6 ). Wet periods of 1757-1771 and 1989-2004 were the 194 most remarkable in terms of intensity and duration (Table 6) . PDSI in all months supported moisture as the main limiting factor for radial growth of Scots pine (Fig. 4b) . 213
A drought response was also found in Dahurian larch (Wang and Lv 2012) , another important conifer tree species in 214 the study area. However, the typical drought response to temperature was not obvious, and the radial growth of Scots 215 pine was not significantly negatively correlated with growing season (July-September) temperature (Fig. 4a) . On the 216 contrary, a significant positive response of radial growth to winter (non-growing season) temperature was found, 217
suggesting that higher winter and spring temperatures prolong the growth period and increased nutrient availability for 218 trees during the summer (Hollesen et al. 2015; Zhu et al. 2017 ). This phenomenon might be due to the relatively humid 219 climate and the northern latitude of our study sites, where the positive effect of temperature was greater than the 220 negative effect resulting from drought stress . Similar drought response patterns were also found 221 in tree-ring-based drought reconstructions in the middle Qilian Mountains (Sun and Liu 2013) and the Tienshan 222
Mountains of western China (Chen et al. 2015) . 223
Comparison with regional record 224
We used local historical records to verify our PDSI reconstruction for the timing of extreme dry years or periods. values occurred during the year of the forest fire in Mengkeshan and Pangu (Fig. 8) , further validating the accuracy of 235 our reconstruction. Spatial correlation analysis indicated a strong correlation pattern between our reconstruction and 236 gridded scPDSI in Northeast Asia (Fig. 9) , and our reconstruction also represents drought/wet variations in surrounding 237 geographic regions. During the common periods, our reconstruction shares a similar dry/wet fluctuation with the 238 precipitation of A'li River and SPEI of Hulun Buir steppe both in the low and high frequency (Fig. 9b-d ). Significant 239 (p < 0.05) correlations among them were found in low and high frequency and some common dry/wet periods were 240 highlighted in Figure 9 , which confirmed that our drought reconstruction could almost fully account for the dry/wet 241 variations of the Daxing'an Mountains, northeast China. 242
It's important to note that our drought reconstruction and the MADA of "Cook" from the same PDSI grid was not 243 consistent and showed a completely opposite trend (R L = -0.19**; p < 0.01) in low frequency (Fig. 9) . Plateaus (Hulun Buir steppe; drier) since the late 1970s (Fig. 10a) . Similar results were also found by Dai Mongolian plateaus (the Selenge River). On the contrary it was very moist in that time (Fig. 10) . Different spatial 275 patterns of severe drought over the northeast Asian might be associated with the intensity and scope of the strong El 276
Niño-Southern Oscillation (ENSO) during this period (Dong et al. 2013). 277

Linkages to the Pacific and Atlantic Oceans 278
Spectral analysis revealed that some significant cycles exist in our drought reconstruction (Fig. 7) . Among them, are 279 (Fig. 11) . We also calculated the correlation between the Niño 3 index and 286 the dry-wet index (averaged Z-scores) of the Daxing'an Mountains and show a significant postive correlation exists 287 between them in both low and high frequencies (Table 7 monsoon, which in turn affects temperature and precipitation to drive local drought variations, as a possible driving 293 mechanism (Fig. 12 ). Significant postive correlations between the Niño 3 index and local climate (temperature and 294 precipitation) further confirms our inference (Table 7) . 295 by regulating the Asian monsoon to affect local temperature or precipitation (Fig. 12) . Similar results were found in a 319 nearby tree-ring-based drought reconstruction ( (Bao et al. 2015) . 320
Ultimately, the cycles around 73-years might result from oscillatory changes in the North Atlantic SST, which has a 321 period of 60-90 years (Knudsen et al. 2011). Spatial correlations between our drought reconstruction and annual SSTs 322 also show a stong teleconnection over the Atlantic Ocean (Fig. 11) 
